Background: The middle latency response (MLR) can be a powerful tool for assessing integrity of cortical and subcortical auditory structures. Most research on the MLR, however, is constrained to relatively slow repetition rates by the time window necessary for response acquisition. Maximum length sequence (MLS) paradigms enable the recording of the MLR at high repetition rates, which could reduce test time and provide information about the behavior of auditory structures at rapid rates of stimulation.
C onventional acquisition of auditory evoked potentials is constrained in repetition rate by the time window necessary to obtain the waveforms of interest. That is, for example, if the auditory middle latency response (MLR) is acquired in a 72 msec time window with a 100 msec click stimulus, then possible repetition rates for that potential range only from .1 clicks/sec to 13.9 clicks/sec. If a rate faster than 13.9 clicks/sec is used, a subsequent stimulus will overlap into the acquisition time window of the current waveform. Repetition rate has been shown to have complex and differential effects on the early and late components of the MLR (see Hall, 2007 , for a review). Conflicting results have emerged from studies examining the effect of repetition rate on Pa, the early component of the MLR; while some studies have revealed decreases in amplitude with increasing repetition rate (Geisler et al, 1958; Picton et al, 1974) , other studies report no effect of rate on Pa amplitude up to rates of 10-16 clicks/sec (Goldstein et al, 1972; McFarland et al, 1977; Tucker and Ruth, 1996; Hall, 2007) . In comparison, due to the somewhat unreliable nature of the late component of the MLR, Pb, relatively few studies have examined the effect of rate on Pb. Historically, studies have revealed that Pb is unpredictable, inconsistent, and highly variable, and may not always be present in normal hearing, neurologically intact individuals (Ozdamar and Kraus, 1983; Erwin and Buchwald, 1986; Nelson et al, 1997) . Rate studies that have examined Pb have shown that slow click rates around 1 click/sec are typically required to evoke Pb and that Pb amplitude is significantly reduced at higher rates (Dietrich et al, 1995; Nelson et al, 1997; Tucker et al, 2002) .
The differential influence of repetition rate on the early and late components of the MLR may be attributed to differences in the neural generators of Pa and Pb, especially differences in refractory periods (Nelson et al, 1997) . Neural refractory period is the time required by a neuron to fully repolarize, or recover, from a previous stimulus response. The refractory time of single neurons affects evoked potentials, since the evoked potential response reflects synchronous firing of multiple neurons. As repetition rate increases, the interstimulus interval (ISI) decreases, and some neurons may not have time to fully recover from a stimulus before a subsequent stimulus is presented. This can result in a lack of synchronous neural firing and a resulting decrease in the amplitude or shift in the latency of the evoked potential. The early components of the MLR (Na, Pa) are thought to be generated from subcortical structures including the inferior colliculus and thalamus, as well as the superior temporal gyrus auditory cortex (Kraus et al, 1982; Tucker et al, 2002; Hall, 2007; Pratt, 2007) . Later components of the MLR (Nb, Pb) may be generated from the reticular activating system, as well as the planum temporale, hippocampus, and thalamocortical projections (Kraus et al, 1982; Erwin and Buchwald, 1986; Tucker et al, 2002; Hall, 2007) .
A method of rapid stimulation using maximum length sequence (MLS) stimuli to generate auditory evoked potentials was developed over 25 years ago (Eysholdt and Schreiner, 1982) . This paradigm allows for maximum repetition rates up to approximately 500 clicks/sec. The MLS paradigm utilizes a sequence of stimuli that fulfill specific mathematic criteria such that a cross-correlation algorithm can be calculated and used to deconvolve overlapping responses, yielding a waveform similar to that obtained by conventional averaging paradigms. MLS stimuli are rapidly presented in a train of clicks with jittered ISIs, and each sweep records the electrophysiological response to the entire click train. A recovery sequence for each click train is then generated and used to mathematically derive the response to a single click stimulus. For further detail on MLS deconvolution, the reader is referred to Thornton (2007) .
Since it became commercially available, the MLS paradigm has been studied mainly in ABR (auditory brainstem response) acquisition (Burkard et al, 1990; Marsh, 1992; Lasky, 1993; Lina-Granade et al, 1994; Leung et al, 1998; Jirsa, 2001; Delgado and Ozdamar, 2004; Dzulkarnain et al, 2008; Lavoie et al, 2008) . MLS-ABR paradigms have been used to examine reductions in recording time, and auditory system response at high stimulation rates (Burkard et al, 1990; Lina-Granade et al, 1994) . Additionally, because of the available high stimulation rates, the MLS paradigm can potentially be used to evaluate neural refractory periods and auditory adaptation of auditory evoked responses more fully. The high repetition rates used with the MLS paradigm may also be advantageous for signal-to-noise ratio (SNR) of the waveform (Bell et al, 2001) . In electrophysiological averaging, as more sweeps are collected, more noise is averaged out of the waveform. In practice, however, the gain in SNR is balanced by the longer acquisition time required. For example, it may take approximately 1 min to collect 600 sweeps of an MLR using a 72 msec time window. An MLR with 1000 collected sweeps would have a better SNR, but would also take closer to two minutes to collect. The rapid repetition rates possible with the MLS paradigm may result in waveforms with high SNRs without a significant increase in acquisition time.
Few studies, however, have examined the effect of MLS stimulation on the auditory middle latency response (MLR). Musiek and Lee (1997) compared MLR waveforms acquired using the MLS paradigm with conventional MLR waveforms in neurologically involved patients and normal controls. Results from that study showed increased wave detectability with the MLS procedure compared to the conventional MLR procedure for normal subjects, but similar results in wave detectability between the two paradigms for pathological subjects. No significant differences in latency were found between the two groups or between the two experimental paradigms, but the study did show reduced amplitudes for both paradigms in the neurologically impaired group at various electrode sites. Additionally, amplitude of MLS waveforms was different across stimulation rate condition and subject group. The authors also commented qualitatively that the MLS waveforms, although smaller in amplitude, were clearer and easier to read.
Another study (Bell et al, 2001 ) examined differences in acquisition time and waveform morphology between paradigms utilizing a slow rate of stimulation with conventional averaging techniques and three faster rates of stimulation with maximum length sequences. Those authors report increased wave presence with the MLS paradigm, although no statistical data were provided. They also reported better test-retest reliability with the MLS rates, and a significant reduction in latency as the rate of stimulation increases. Similar to the Musiek and Lee (1997) study, a reduction in amplitude was observed in the MLS waveforms, although the authors noted that the Na-Pa amplitude seemed to be reduced more than the Pa-Nb amplitude.
Recently, a new electrophysiological procedure, continuous loop averaging deconvolution (CLAD), similar to the MLS, has also been used to investigate the MLR at high rates of stimulation (Ozdamar et al, 2007; Ozdamar and Bohórquez, 2008) . Studies by the creators of this procedure have shown amplitude differences of the Pa and Pb components of the MLR in the waveforms obtained with higher rate CLAD stimuli compared to the conventional low rate MLR. Pb latency also varied significantly with rate; Pa latency did not.
The scarcity of previous research clearly illustrates that the clinical utility of the MLS-MLR has not been well-established, and the studies described previously show some disparity about the effect of rate on the early and late components of the MLR. The purpose of the present study was twofold: first, MLR waveforms acquired using conventional averaging techniques will be compared to those acquired under MLS stimulation, under specific time constraints, in order to examine differences between the paradigms and waveforms. Second, various rates of MLS stimulation will be compared in order to examine the effect of repetition rate on the early and late components of the MLR, and to find the rate for evoking most stable MLS waveforms in normal subjects.
METHODS

Procedure
All research procedures used in this study were approved by the Institutional Review Board at the University of Connecticut. Ten normal hearing, young, female subjects participated in each experiment of this study (Experiment 1: mean age 5 21.64 years, standard deviation 5 1.72 years; Experiment 2: mean age 5 22.68 years, standard deviation 5 2.19 years). Peripheral hearing thresholds were obtained at 20 dB HL or better at octave frequencies from 250-8000 Hz bilaterally, using the Modified Hughson-Westlake procedure (Carhart and Jerger, 1959) . Distortion product otoacoustic emissions (DPOAEs) were measured within normal limits bilaterally from 1000-4000 Hz, according to Dartmouth Hitchcock Medical Center (Musiek and Baran, 1997 ) criteria for all participants. All participants had normal otologic examinations and personal histories negative for neurologic, otologic, and audiologic involvement, as well as learning and language disabilities.
All subjects were awake at all times and seated in a comfortable chair in an IAC double-walled soundtreated room. The pure tone testing and DPOAE measurements described above were performed first for each subject to establish normal hearing. MLR and MLR-MLS waveforms were then measured using a Nicolet Spirit 2000 averager (Nicolet Instrument Corp., Madison, WI). Silver-silver chloride 10 mm electrodes were used and placed at Cz (noninverting) and A1 or A2 (inverting) electrode sites. A ground electrode was placed at Fz. Impedances were less than 6 kohms and balanced within 3 kohms across electrode sites. A 100 msec click stimulus was used for all recordings, as were EAR-3A insert earphones. Online filter settings of 20-3000 Hz, with a 6 dB per octave roll-off, were utilized for all recordings (Suzuki et al, 1981; Suzuki and Hirabayashi, 1987; Musiek and Lee, 1997) Every waveform was replicated and the replications averaged together for analysis.
Experiment 1
All participants were tested in six conditions for this experiment. Three conditions were tested for each paradigm (MLR and MLS-MLR): a 1 min timed condition, a 2 min timed condition, and an ideal condition. For both timed conditions, averaging was terminated after a specified interval of time passed (1 or 2 min); for the ideal condition, averaging was terminated after a specified number of sweeps was collected (1000 sweeps for the MLR; 300 sweeps for the MLS-MLR). The number of sweeps for the ideal condition was based on typical clinical values for the MLR (Hall, 2007; Pratt, 2007) , and on pilot studies as well as previously published research for the MLS-MLR (Lasky et al, 1995; Musiek and Lee, 1997; Bell et al, 2002) . The timed conditions were used to simulate time constraints encountered clinically, and the ideal condition was used as a standard for comparison. For the MLR paradigm, one sweep was collected per stimulus; for the MLS-MLR, one sweep was collected per sequence of stimuli (in this experiment, each sequence contained 32 stimuli). One ear was tested per subject, and ear was randomized across subjects. The MLR paradigm was tested first in order to screen for subjects with significant postauricular muscle (PAM) artifact, as PAM artifact is known to contaminate MLR recordings (Hall, 2007) . Subjects with PAM artifact were excluded from the remainder of the study. Repetition rate was 9.7 clicks/sec for the MLR and 125.1 clicks/sec maximum rate for the MLS-MLR (this is approximately equivalent to an average rate of about 64 clicks/sec).
1 Stimuli for all conditions were 100 msec clicks, which were presented at 60 db SL re behavioral threshold to the MLR or MLS-MLR stimulus, depending on condition. Within each paradigm, the ideal condition was administered first in order to establish the presence and replicability of waveforms. Order of the timed conditions was randomized within each paradigm.
Experiment 2
Each participant participated in four conditions for this experiment. The MLS-MLR paradigm was used for all conditions, and four different repetition rates were used (Rate 1 5 maximum rate of 25.1 clicks/sec, average rate of 13.6 clicks/sec; Rate 2 5 maximum rate of 50.1 clicks/sec, average rate of 26.3 clicks/sec; Rate 3 5 maximum rate of 125.1 clicks/sec, average rate of 64 clicks/sec; Rate 4 5 175.1 clicks/sec, average rate of 89 clicks/sec). Three hundred sweeps were collected for each waveform. Stimuli were presented at 60 db SL re behavioral threshold to MLS stimulus. Order of condition was randomized across subjects. One ear was tested per subject.
Latency and Amplitude Measures
Latency and amplitude measurements were made after replications of each waveform were averaged together. Criteria for replication was similar morphology and a difference of no more than 5 msec between replicated waveforms. If a waveform did not replicate, a third waveform was obtained, and the two most similar replications were averaged together. Latency measurements included Na, Pa, Nb, and Pb. Na was considered the negative-most repeatable peak occurring between 12 and 21 msec after the onset of the stimulus (Musiek et al, 1999) . Pa was measured as the most positive repeatable peak occurring between 21-38 msec poststimulus (Musiek et al, 1999) . Nb was considered the negative-most repeatable peak that occurred after Pa. Pb was measured as the most positive repeatable peak following Pa, typically occurring around 50 msec after stimulus onset (Pratt, 2007) . All peaks had to show clear and appropriate waveform morphology, and have a peak to peak amplitude of at least .20 mV. Amplitude measures included measurement from trough of Na to peak of Pa (NaPa), peak of Pa to trough of Nb (PaNb), and trough of Nb to peak of Pb (NbPb). Peak picking and wave presence was determined by consensus among three judges experienced in evoked potential measurements, two of whom were blinded to paradigm and condition of waveforms.
RESULTS
Experiment 1
Overall, it was noted qualitatively that MLS-MLR waveforms had clearer morphology and were easier to read than the conventional MLR waveforms, perhaps due to increased SNR. See Figure 1 for sample MLR and MLS-MLR waveforms.
Timing Conditions
All statistical analyses were performed using SPSS version 14.0 (SPSS Inc., Chicago IL). Using a MAN-OVA with the test condition and paradigm (MLS-MLR and MLR) as factors, no significant influence of timing condition, nor any interaction of condition and paradigm, on any latency or amplitude measure was found. Although from a qualitative standpoint, waveform morphology and clarity improved as sweep number increased, there were no quantitative statistical differences on the indices measured.
Latency and Amplitude
Mean latency values and amplitude values as well as standard deviations for both paradigms are listed in Tables 1 and 2 
Wave Presence
Data on the presence/absence of MLR components for each paradigm are displayed in Figure 4 . No mean differences were found between paradigms in the presence of Na and Pa waves. Chi-square analysis showed that for the Nb wave, there was a significant association between the paradigm used and whether or not Nb was present (Fisher's Exact Test, df 5 1, p 5 .024), such that Nb was present significantly more when the MLS-MLR paradigm was used. This was true for Pb as well (X2 5 20.000, df 5 1, p , .001). Additionally, it should be noted that Pb was present in all MLS-MLR waveforms and only 50% of conventional MLR waveforms. A subsequent analysis of these data compared participants who exhibited Pb in all conditions to participants who did not exhibit Pb in the conventional MLR conditions. A one-way ANOVA was conducted with Pb grouping as the factor to examine Na and Pa latency as well as NaPa amplitude. Results showed that experiment participants who always generated Pb had significantly greater NaPa amplitude (F(1,24) 5 7.159, p 5 .013) than those who did not ever generate Pb in the conventional MLR. There were no significant latency differences between those participants who generated Pb and those who did not.
Experiment 2
Latency and Amplitude
Mean latency and amplitude values, with standard deviations for all four rates, are listed in Tables 3 and  4 . A repeated measures ANOVA, with rate as the experimental factor and all latency and amplitude measures as the dependent variables, revealed that rate significantly affected Na latency (F(3,27) Subsequent post-hoc comparisons were used to determine which rates differed significantly for each dependent variable. Differences in rate that were significant, after Bonferroni correction, are noted in Tables 5 and 6 . For latency, typically as rate increased, latency decreased: for Na, Rate 1 latency was significantly later than Rate 4; for Nb, Rate 2 latency was significantly later than both Rate 3 latency and Rate 4 latency; for Pb, Rate 2 latency was significantly later than Rate 4 latency. In the case of amplitude, as rate increased, amplitude decreased. Overall, Rate 4 amplitude was significantly lower than most, if not all, other rates on all three amplitude measures.
Variability
In order to determine if one rate resulted in significantly higher variability around the mean, Levene's test of homogeneity of variance was conducted for all dependent latency and amplitude values. A significant difference in variability existed only for Na latency (F(3,36) 5 3.710, p 5 .020) such that Rate 4 had significantly less variability than all other rates, and Rate 2 had significantly higher variability than Rate 3 and Rate 4.
DISCUSSION
T his study revealed several important findings, across two experiments. First, the MLS-MLR paradigm evoked waveforms with significant differences in latency and amplitude when compared to those evoked by the conventional MLR paradigm. For latency measures, paradigm differentially affected the positive and negative components of the MLR; negative peak latencies (Na, Nb) decreased in the MLS-MLR paradigm, while positive peak latencies (Pa) increased. For amplitude, a decrease was seen with the MLS-MLR paradigm for all measures. Partial eta squared (g 2 ) was calculated as a measure of effect size for the analyses, and indicated that all the significant differences noted above have a large effect size. Second, waves Nb and Pb were present significantly more often in the MLS-MLR paradigm. Third, within the MLS-MLR paradigm, repetition rate significantly affected most latency and all amplitude measures, such that both latency and amplitude tended to decrease with higher rates of repetition. Lastly, there was no real difference in variance of data among rates; no one rate showed superior consistency. Some of the above results are consistent with past literature, while others conflict with previous findings. First, regarding latency differences between paradigms, results from one study have shown decreases in latency measures of the MLR when the MLS paradigm is used, as the present study did (Bell et al, 2001) , while other studies have shown no difference between conventional and MLS paradigms (Musiek Journal of the American Academy of Audiology/Volume 20, Number 8, 2009 and Lee, 1997). One study partially showed a differential effect on latency of positive and negative peaks, as this study did; in Ozdamar and colleagues' 2007 study, increased latency of Pb and decreased latency of Nb were exhibited when an MLS-like paradigm was compared to a conventional MLR paradigm. These discrepancies in the literature may be due to differences in equipment, paradigms, and/or recording parameters. Additionally, an amplitude decrease was seen in the MLS-MLR paradigm in the current study. Previous studies have consistently shown lower amplitudes on one or more measures with an MLS or MLS-like paradigm in comparison to those obtained using conventional MLR stimuli in normal listeners (Musiek and Lee, 1997; Bell et al, 2001; Ozdamar et al, 2007) .
Second, wave presence was significantly affected by paradigm such that Nb and Pb peaks were detected more often when MLS stimuli were used compared to conventional MLR stimuli. While this has been anecdotally reported in the literature, statistical analysis has not been previously reported (Musiek and Lee, 1997; Bell et al, 2001 ). This conflicts with previous data that shows Pb can be most reliably evoked with slow repetition rates of approximately 1 click/sec (and often disappears above rates of approximately 2-5 clicks/sec (Erwin and Buchwald, 1986; Nelson et al, 1997; Tucker et al, 2002; Hall, 2007) .
Third, repetition rate within the MLS-MLR paradigm significantly affected latency and amplitude, such that both decreased with concurrent increase in repetition rate. This is consistent with previous reports of decreased latency on at least one measure as a result of increased repetition rate with MLS or MLS-like stimuli, although Ozdamar and colleagues reported that Pb latency reached a maximum value at a repetition rate of 40 clicks/sec and decreased thereafter (Picton et al, 1992; Bell et al, 2001 ; Ozdamar et al, Morphological Changes with MLS-MLR/Nagle and Musiek 2007). They additionally reported decreased amplitudes on all measures with increased repetition rate. A similar trend is seen in the data of Bell et al (2001) , although statistical analyses were not performed in that study. Research on repetition rate within the conventional MLR paradigm has revealed a similar trend in amplitude, with decreased amplitude noted when repetition rate was raised past 15 clicks/sec (Hall, 2007; Pratt, 2007) . Interestingly, latency has been shown to increase when repetition rate is raised past 15 click/sec in the conventional MLR paradigm (Hall, 2007; Pratt, 2007) . Fourth, a significant difference in variance between stimulation rates was found only for Na latency. This showed mainly that variability of Rate 4 was less than that of all other rates. However, because all rates had similar spread and range of data on all indices except for Na latency, one rate cannot be said to evoke more consistent results than another. Previous studies have not reported differences in variance, but calculations (see Field, 2007 , for a description of variance ratio calculations) performed on data from Bell et al (2002) revealed that the fastest MLS rate of stimulation used in that study resulted in lower variance than all other rates for NaPa and PaNb amplitude. (Raw latency data was not published and was therefore unavailable for calculations.) Similar calculations performed on raw data published in Ozdamar et al (2007) show the same pattern for PaNb amplitude but no other latency or amplitude measures.
The effect of conventional MLR and MLS-MLR paradigm on latency and amplitude measures is likely due to the much higher rate of stimulation in the MLS-MLR paradigm. This hypothesis is supported by the similar changes in latency and amplitude seen as a function of rate within the MLS-MLR paradigm, as well as by past literature noting complex changes in the MLR waveform as repetition rate changes (Picton et al, 1992; Onitsuka et al, 2003) . Multiple human and animal studies have shown reduced waveform amplitudes and reduced firing of cortical auditory neurons as repetition rate increases (Hocherman and Gilat, 1981; Phillips et al, 1989; Ceponiene et al, 1998; Onitsuka et al, 2003; Rosburg et al, 2004; Sussman et al, 2008) . These effects have been attributed to the long refractory period needed by cortical neurons to fully recover after a stimulus has been presented (Phillips et al, 1989; Budd et al, 1998; Ceponiene et al, 1998; Onitsuka et al, 2003; Rosburg et al, 2004; Sussman et al, 2008) . Cortical auditory neurons as a group have varied capacity to respond to fast stimulation rates, due to different refractory periods of specific neurons and groups of neurons within that population (Lu and Wang, 2003; Sussman et al, 2008) . As repetition rate increases, the number of neurons with a short enough refractory period to fire for each stimulus decreases, leading to reduced amplitudes. Additionally, decreased latencies with high repetition rates may reflect the shorter refractory period of the more caudal generators of the MLR (reticular activating system, thalamic structures) as the waveform energy from cortical neurons with longer refractory periods disappears (Durrant and Boston, 2007) .
The increased presence of Nb and Pb waves with the MLS-MLR paradigm may be related to the different neural generators underlying the early and late components of the MLR. It has been previously noted that Pa and Pb waves differ considerably) and that rate differentially affects early and late components of the MLR (Erwin and Buchwald, 1986, Nelson et al, 1997; Bell et al, 2001; Tucker et al, 2002; Ozdamar et al, 2007) . The later components of the MLR (Nb, Pb) are thought to be at least partially generated from the thalamic reticular activating system, and a possible explanation for the increased presence of Nb/Pb may be that either the higher rate of the MLS-MLR stimuli or the slight jitter in interstimulus interval associated with the MLS increases arousal or alertness, resulting in increased response of these nuclei. Data from Experiment 2 of this study showed that even the slowest MLS rate evoked Nb and Pb waves in 90-100% of cases. As the slowest MLS rate has an average equivalent rate of stimulation very close to that of the conventional MLR, the interstimulus interval jitter seems like the more plausible explanation for increased wave presence in the MLS-MLR paradigm.
CONCLUSIONS
I n summary, the present study shows that MLR waveforms evoked by maximum length sequence stimuli exhibit significant differences in both latency and amplitude from those evoked by a conventional MLR paradigm. The late components of the MLR, Nb and Pb, are evoked much more consistently when the MLS-MLR paradigm is used. Within the MLS-MLR paradigm, repetition rate significantly affects both latency and amplitude, such that latency typically becomes shorter and amplitude lower with increased repetition rate. No one repetition rate for the MLS-MLR paradigm was found to evoke more consistent data, and no timing difference was found with the use of the MLS-MLR paradigm. The improvements in waveform clarity and the presence of late MLR waves, however, suggest that the MLS-MLR may have substantial clinical utility; it can provide information about the response of the neural generators of the early components of the MLR at high rates of stimulation and may help to more definitively identify the generators of the late components (Nb, Pb) of the MLR. The later MLR components, if reliably evoked, may prove to be sensitive indicators of auditory pathology or dysfunction that could be used in diagnosis and site-of-lesion testing. Future research is needed in this vein to further investigate the clinical utility of the MLS-MLR. NOTE 1. It should be noted that there is some disparity in the current literature regarding how repetition rate for the MLS is reported. In this paper, both maximum possible stimulation rate and average equivalent rate will be reported initially, with subsequent rate references in maximum stimulation rate.
